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Abstract: This study aimed to improve skin permeation and deposition of psoralen by using 
ethosomes and to investigate real-time drug release in the deep skin in rats. We used a uniform 
design method to evaluate the effects of different ethosome formulations on entrapment efficiency 
and drug skin deposition. Using in vitro and in vivo methods, we investigated skin penetra- 
tion and release from psoralen-loaded ethosomes in comparison with an ethanol tincture. In 
in vitro studies, the use of ethosomes was associated with a 6.56-fold greater skin deposition of 
psoralen than that achieved with the use of the tincture. In vivo skin microdialysis showed that 
the peak concentration and area under the curve of psoralen from ethosomes were approximately 
3.37 and 2.34 times higher, respectively, than those of psoralen from the tincture. Moreover, 
it revealed that the percutaneous permeability of ethosomes was greater when applied to the 
abdomen than when applied to the chest or scapulas. Enhanced permeation and skin deposi- 
tion of psoralen delivered by ethosomes may help reduce toxicity and improve the efficacy of 
long-term psoralen treatment. 

Keywords: absorption enhancer, formulation vehicle, nanocarriers, nanoparticles, 
transdermal 

Introduction 

Psoralen, a small molecule that belongs to the coumarin family of compounds, is iso- 
lated from Fructus psoraleae, a common herb used in traditional Chinese medicine. 
Psoralen is a photosensitive compound that is used to treat vitiligo and psoriasis through 
exposure to sunlight or ultraviolet radiation, and psoralen ultraviolet A (PUVA) therapy 
has been approved by the US Food and Drug Administration for clinical use. 1-3 PUVA 
is an important treatment for refractory psoriasis. 4 More and more dermatologists 
across the world have started to prescribe PUVA therapy, and for many patients, it has 
become the first-choice treatment for the effective control of psoriasis. 5,6 Treatment 
with psoralen may increase tyrosinase activity and promote melanin synthesis in nor- 
mal melanocytes adjacent to the damaged cells. 7 8 The conventional formulations of 
psoralen, such as tinctures and ointments, have weak percutaneous permeability and 
poor deposition in the skin, which usually leads to frequent administration and may 
cause adverse reactions. 9,10 Topical delivery of drugs by liposomal formulations has 
attracted considerable interest in recent decades because of the improved therapeutic 
effects. However, conventional liposomes do not permeate deeply into the skin. Their 
particle-size distribution is uneven and they remain confined to the epidermis. 11,12 
Touitou et al discovered a novel type of liposomes, namely, ethosomes. 13 Ethosomes are 
composed of phospholipids, water, and a high concentration of ethanol, usually about 
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20% to 45%. 13 Owing to a liquid and flexible lipid bilayer, 
ethosomes are easily deformable and may permeate deep 
into the skin, thus enhancing drug delivery. 14,15 Moreover, 
they increase drug deposition in the skin and enhance its 
permeability in scar tissue. 16 " 19 

Microdialysis is a minimally invasive in vivo sampling 
technique for measuring the concentrations of endogenous 
and exogenous substances in the extracellular space of 
tissues and organs. 20 Dialysis is the process of sampling 
fluid in the in vivo environment by using a semipermeable 
membrane that allows biological molecules to diffuse into 
a sample via a concentration gradient. 21 The preliminary 
results have demonstrated the ability of microdialysis probes 
to continuously monitor the concentrations of drugs in the 
dermis in vivo. 22 Microdialysis has also been successfully 
used to obtain reliable pharmacokinetic data for routine 
estimation of cutaneous permeation. 23 

In the present study, we employed in vivo microdialysis to 
compare a novel transdermal drug delivery using ethosomes 
with one using a conventional tincture. We aimed to establish 
whether ethosomes provided better permeability and skin 
deposition of psoralen than those provided by conventional 
modes of delivery, which might help achieve better efficacy 
of psoralen treatment in the future. Ethosomes with different 
chemical compositions were prepared and analyzed in vitro. 
They were then used as vehicles to enhance the delivery 
and skin deposition of psoralen after topical administration 
to different skin sites in rats, including the abdomen, chest, 
and scapular region. Microdialysis was used to monitor the 
psoralen concentration in vivo. 

Materials and methods 

Materials 

Lipoid S 100 (phosphatidylcholine [PC] from soybean 
lecithin), containing 95.8% PC, was purchased from Lipoid 
GmbH (Ludwigshafen, Germany). Psoralen with purity 
exceeding 98.0% (isolated from F. psoraleae) was supplied by 
Ze-lang Bioscience (Nanjing, People's Republic of China). 
All other chemicals were of high-performance liquid chroma- 
tography (HPLC) or analytical grade and were obtained from 
Sinopharm Chemical Reagent Co, Ltd (Shanghai, People's 
Republic of China). 

Animals 

Male Sprague Dawley rats, weighing 180-220 g, were used. 
The study was approved by the Animal Ethical Committee, 
Shanghai University of Traditional Chinese Medicine (permit 
number SYXK [Hu] 2009-0069). Animals were kept in an 



agreeable environment with free access to rodent diet and water, 
and were acclimatized for at least 1 week before the study. 

HPLC assay 

The LC-2010A HT Liquid Chromatograph system 
(Shimadzu Corporation, Kyoto, Japan) was used to deter- 
mine the concentration of psoralen in samples. The HPLC 
system consisted of a double-plunger pump (Shimadzu 
Corporation), an autosampler (Shimadzu Corporation), 
an online degasser (Shimadzu Corporation), a Diamonsil 
CI 8 reverse phase column (5 um, 4.6 mm inner diameter x 
25 cm; Dikma Technologies, Inc, Lake Forest, CA, USA), 
a column oven (Shimadzu Corporation), an ultraviolet 
detector (Hamamatsu Photonics, Hamamatsu, Japan), and 
a recording integrator (Shimadzu Corporation). The mobile 
phase was methanol: water (55:45, volume/volume [v/v]) 
with a flow rate of 1 mL/min. The column temperature was 
constant at 35°C, and the detection wavelength was 246 
nm. Percentage recoveries ranged from 97.4% to 102.8%. 
The psoralen intra- and interday relative standard deviation 
values were 0.87% and 2.15%, respectively. Samples from 
in vitro experiments were filtered through a disposable nylon 
syringe filter (pore size, 0.45 um) with a 13-mm diameter 
(Shanghai Anpel Scientific Instrument Co, Ltd Shanghai, 
People's Republic of China) before automatic injection into 
the HPLC system. Samples from in vivo microdialysis were 
directly assayed in a timely manner without any handling. 

Preparation and comparison 
of ethosomes 

Ethosome formulations, labeled from ES 1 to ES5, were com- 
posed of different levels of Lipoid S 100 and ethanol, as listed 
in Table 1. A simple modified injection method was used to 
prepare a colloidal ethosome suspension. In a closed environ- 
ment, Lipoid S 1 00 and psoralen were dissolved in ethanol. 13 
The required amount of purified water was injected at a flow 
rate of 12mL/h with a WZ-50C6 microinfusion pump (Smiths 
Medical, Norwell, MA, USA) into the ethanol solution, with 
constant mixing at 700 rpm (IKA Works GmbH and Co, 
Staufen, Germany). After water injection, magnetic stirring 
was continued for 5 minutes at 300 rpm to ensure mixing 
uniformity. Ethosome suspensions were probe-sonicated for 
5 minutes (power, 900 Hz; quiescent interval, 3 seconds) in 
an ice- water bath by using an ultrasonic cell disruption system 
(Scientz Biotechnology Co, Ltd Ningbo, People's Republic of 
China). A uniform design containing two factors and five lev- 
els was used for optimization of ethosome formulations, with 
Lipoid S 100 content (weight/volume [w/v], %) as factor X t 
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Table 1 Composition and in vitro evaluation of ethosomes (ESI-ES5) tested for optimal skin permeation via 


the U 5 (5 2 ) uniform 


experimental design, with the tincture 


as the compared formulation (mean 


+ standard deviation, 


n=3) 




Ethosomes 


Factor A (X^ 


Factor B (X 2 ) 


Drug loaded 


Particle 


Response (Y^ 


Response (Y 2 ) 




Lipoid S 100 


Ethanol 


(w/v, %) 


size (nm) 


Entrapment 


UcpUbl HOI i in 




(w/v, %) 


(v/v, %) 






^. rr; . . /o/\ 

etticacy \/o) 


bKlll ^Ug/CITl J 


ESI 


4.0 


30 


2.0 


I46.27± 18.88 


59. 1 9+8. 1 6 


0.35±0.04 


ES2 


5.0 


40 


2.0 


I20.77±22.43 


85.62±0.76 


3.6 1 ± 1 .2 1 ' 


ES3 


6.0 


25 


2.0 


I47.37± 17.04 


92.03±8.95 


2.84±l.46* 


ES4 


7.5 


35 


2.0 


I59.07±25.97 


38.56±5.94 


0.72±0.I8* 


ES5 


8.0 


45 


2.0 


56.71 ±1.02 


I8.30±2.29 


l.98±0.90* 


Tincture 




70 


2.0 






0.55±0.I8 



Note: Compared with the tincture, *P<0.05. 
Abbreviation: ES, ethosomes. 



and ethanol content (v/v, %) as factor X 2 . The experimental 
responses were defined as Y for entrapment efficiency (EE) 
and Y 2 for drug skin deposition (DSD). 

The tincture was prepared by adding psoralen at a concen- 
tration of 0.2% (w/v) to 70% ethanol (in purified water, v/v). 

Characterization of ethosomes 

The average particle size of the ethosomes was measured 
using dynamic light scattering with a computerized Malvern 
Autosizer Nano ZS90 inspection system (Malvern Instru- 
ments Ltd, Malvern, UK). The measurements were per- 
formed in triplicate. The appearance of the ethosomes was 
examined using a transmission electron microscope (Philips 
Tecnai 12; Philips, Amsterdam, the Netherlands). Samples 
were prepared for negative staining as follows: copper nets 
carrying formvar-supporting film (200 mesh; Zhong Jing Ke 
Yi Technology Inc, Beijing, People's Republic of China) were 
placed on a stencil plate. Ethosomes were gently dropped on 
the film, and the film was allowed to dry for about 20 minutes. 
A drop of uranyl acetate (2%) was added to the film and 
allowed to dry for 10 minutes. The film was then observed 
under a transmission electron microscope. 

Entrapment efficiency of ethosomes 

A dialysis method was used to determine the EE of 
ethosomes. A dialysis bag with a molecular weight cut-off 
of 10,000 (Qingyang Copalyton Biotechnology, Shanghai, 
People's Republic of China) was soaked in boiling purified 
water for 30 minutes, and 0.5 mL of the ethosome suspen- 
sion was placed in the dialysis bag. The bag was then closed 
using dialysis tubing closures and immersed in 200 mL of 
20% polyethylene glycol 400 (v/v). The receiver medium 
was stirred at 300 rpm by using a magnetic stirrer for 
approximately 5 hours. Psoralen in the receiver medium was 
then assayed using HPLC, and the EE was calculated using 
Equation 1, where D ( is the total amount of psoralen in the 



ethosome suspension and D d is the amount of the drug that 
diffused into the receiver medium. 24 

EE = (D t -D d )/D t (1) 

The results were reported as the mean of three indepen- 
dent experiments performed in triplicate. 

In vitro skin permeation studies 

In vitro permeation experiments were conducted using a 
Franz diffusion cell (Fulansi Electronic Science and Trade 
Co, Ltd Tianjin, People's Republic of China) fitted with 
excised rat skin, and the permeation of ethosomes was com- 
pared to that of the alcohol tincture. 25 Each donor compart- 
ment had a diffusion area of 1 .77 cm 2 , and 2 mL of ethosomes 
or tincture was added to each compartment. Each receptor 
compartment had a volume of 16 mL and was filled with 
freshly prepared polyethylene glycol 400 (20%) in normal 
saline (2:8, v/v) to provide sink conditions. The receptor 
compartment solution was held at 32°C+0.5°C by using a 
thermostat, and stirred at 300 rpm by a magnetic bar. Each 
experiment was performed in triplicate. At predetermined 
time points, 1 mL samples were removed from each recep- 
tor compartment and the volume was replenished with an 
equal volume of receptor fluid equilibrated to 32°C±0.5°C. 
The concentration of psoralen in the obtained samples was 
determined using HPLC. The permeation profile of psoralen 
was obtained by plotting the mean cumulative permeation 
per cm 2 of ethosomes or tincture against time. A linear regres- 
sion analysis was performed to determine the transdermal 
flux (Js, |ig/cm 2 /h) of psoralen. 

Determination of skin deposition 

At the end of the 24 hours in vitro skin permeation studies, 
skin samples were taken from the diffusion cell, and their 
surfaces were washed three times with fresh receptor fluid. 
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Then, the samples were cut into small pieces and placed in 
manual glass homogenizers along with 1 mL of fresh recep- 
tor fluid. The homogenates were centrifuged (Eppendorf, 
Hamburg, Germany) at 5,000 rpm for 10 minutes, and the 
supernatants were transferred to 2 mL centrifuge tubes. After 
transfer, 1 mL of ethyl acetate was added to each sample and 
they were mixed for 3 minutes by using a vortexer (UniEquip 
GmbH, Freital/Dresden, Germany). The samples were then 
centrifuged at 5,000 rpm for 10 minutes. The upper organic 
phase was removed and 1 mL of fresh ethyl acetate was added 
into the same sample. The above process was then repeated. 
The resulting two supernatants were pooled and dried under 
nitrogen by using a pressure blowing concentrator (Shanghai 
ANPEL Scientific Instrument Co, Ltd). The sample residues 
were dissolved in 200 uL of methanol and vortexed for 3 
minutes. Finally, the samples were centrifuged at 12,000 
rpm for 10 minutes, and the supernatants were assayed for 
psoralen by using HPLC. 

Microdialysis 

The microdialysis system consisted of a WZ-50C6 microinfu- 
sion pump (Smiths Medical) with a 20 mL plastic syringe and 
a linear microdialysis probe. Spectra/Por* microdialysis hol- 
low fibers (Spectrum Laboratories, Inc, Houston, TX, USA) 
were prepared using regenerated cellulose (inner diameter, 
200 urn; outer diameter, 280 urn; molecular weight cut-off, 
13,000 Da). The fibers were glued to quartz capillary tub- 
ing (Welch Materials, Inc, Shanghai, People's Republic of 
China) with cyanoacrylate adhesive (Mxbon® Super Glue; 
Cartell Chemical Co, Ltd Chia-Yi Hsien, Taiwan) to create 
linear microdialysis probes. The inlet tube of the probes was 
connected to the microinjection pump using polyethylene 
tubing. In all the experiments, the length of the membrane 
accessible to dialysis was 20 mm, and the perfusate flow rate 
was 3.33 LtL/minutes. Cannulas were used as insertion guides, 



and vials were used to collect the dialysate samples. Standard 
solutions of psoralen (STD) were prepared by dissolving pure 
psoralen in ethanol solution (10%, v/v). 

Recovery validation in vitro 
and correction in vivo 

In vitro recovery was estimated prior to the onset of 
microdialysis studies to ensure that the retrodialysis method 
was suitable for this in vivo recovery study and to ensure 
that the probes would provide reproducible and efficient 
sampling. A linear probe was placed in a 50 mL beaker 
containing different concentrations of psoralen in sequence 
(Table 2), and the dialysis membrane portion of the probe was 
completely immersed in the solution at room temperature. 
The probe was perfused with ethanol (10%, v/v) at a flow 
rate of 3.33 |lL/minutes. After an equilibration period of 
30 minutes, the dialysate was collected into a small vial for 
30 minutes. Dialysate samples were analyzed using HPLC 
to determine the psoralen concentration. Relative recovery 
(RR) was calculated as the slope of the linear regression of 
drug concentration in the dialysate (C d ) as a function of drug 
concentration in the medium (C m ; Equation 2). 

RR = C./C xlOO (2) 

dm v 7 

For the retrodialysis studies, the probe was perfused with 
STD solutions containing different concentrations of psoralen 
(Table 2). A linear probe was placed in a 50 mL beaker 
with the membrane portion completely immersed in ethanol 
solution (10%, v/v) at room temperature. STD solutions 
were used as perfusates at a flow rate of 3.33 |iL/minutes. 
After equilibration for 30 minutes, the dialysate sample was 
collected into a vial for another 30 minutes. The diffusive 
loss of psoralen from perfusates was determined and RR 
was calculated using Equation 3, where C p denotes the drug 
concentration in the perfusate and C d in the dialysate. 



Table 2 Recovery of psoralen from a microdialysis probe (in vitro: n=3; in vivo: n=5) 



C m (C) (ng/mL) 


C/ (ng/mL) 


RR a (%) 


C-C d "(ng/mL) 


RR" (%) 


C -C/ (ng/mL) 


RR e (%) 


2.016 


0.841 ±0.012 


4I.72±3.64 


0.945±0. 1 1 3 


46.88±2.36 


0.901 ±0.024 


44.70±3.5S 


0.081 


0.03S±0.007 


43.83±l.95 


0.035±0.007 


44.00±l.58 


0.036±0.007 


45. 1 5+2. 1 6 


0.202 


0.087±0.0I4 


43.40±2.76 


0.092±0.0I0 


4S.S5±2.0I 


0.088±0.009 


43.41 ±2.74 


0.403 


O.I73±0.020 


42.8S±2.82 


0.201 ±0.032 


49.87±I.7S 


0.I72±0.03I 


42.63±l.83 


0.806 


0.360±0.023 


44.63±l.49 


0.400±0.028 


49.S9±I.34 


0.344±0.027 


42.66±2.06 


0.040 


0.0 1 7±0.00 1 


42.47±l.06 


0.0I8±0.004 


4S.75±3.00 


0.020±0.003 


48.54±2.37 



Notes: ^Recovery of different psoralen standard solutions in vitro determined using RR = C d /C m X 1 00. b Recovery of different psoralen standard solutions with retrodialysis- 
by-drug method in vitro determined by using Equation 3. ^Recovery of different psoralen standard solutions with retrodialysis-by-drug method in vivo determined by using 
Equation 3; RR a compared with RR b , P>0.05. 

Abbreviations: AUC, area under the concentration-time curve; C d , drug concentration in the dialysate; C m , drug concentration in the medium; C ma)( , peak concentration; 
C p , drug concentration in the perfusate; ES, ethosomes; HPLC, high-performance liquid chromatography; min, minute; MRT, mean residence time; RR, relative recovery; 
T max , time to peak concentration. 
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RR=(C-C d )/C (3) 

In vivo RR was determined using the retrodialysis-by- 
drug method, which relies on the assumption that net drug 
transport from the perfusate into the surrounding tissues 
through the microdialysis membrane is equal to that from 
the tissues into the perfusate. The diffusive loss of psoralen 
was determined, and RR was calculated using Equation 3. 
To determine the diffusive loss of psoralen, a rat was anes- 
thetized with intraperitoneal urethane aqueous solution 
(1.3 g/kg), and anesthesia was maintained throughout the 
experiment. The ambient temperature was kept constant 
at 25°C. A linear probe was inserted into the dermis of the 
abdominal skin. After perfusion with ethanol solution ( 1 0%, 
v/v) for 1 hour, STD was used as the perfusate. HPLC assays 
were conducted to determine the loss of psoralen from the 
STD solutions. 

In vivo microdialysis studies 

Prior to administration of psoralen, the animals were anesthe- 
tized during in vivo microdialysis. The fur at the application 
site was shaved with a manual shaver in each rat. The follow- 
ing application sites were selected: the abdomen, chest, and 
scapulas, with the umbilicus, intermediate point of the two 
front paws, and shoulder blades as the centers, respectively. 
A microdialysis probe was implanted in the dermis, and the 
active dialysis window was placed immediately below the 
site of topical drug administration. The probe was continu- 
ously perfused with ethanol solution (10%, v/v). The skin 
was allowed to equilibrate for 1 hour before a blank sample 
was taken from the microdialysis probe, and 1 .5 hours after 
the start of perfusion, either 1 mL of ethosomes or tincture 
was applied. A fiat cylindrical plastic cover of about 1 cm 
in height, 1.5 cm in diameter, with an edge width of 2 mm 
was glued above the application site by using cyanoacrylate 
adhesive. During the experiment, the application site and the 
probe were kept level. Dialysate samples were collected into 
small vials, which were replaced every 30 minutes. Dialysis 
sampling was continued for 10 hours. 

Statistical analysis 

The results were expressed as mean ± standard deviation. Sta- 
tistical data were analyzed by one-way analysis of variance, 
and comparisons were made with the Tukey test using the 
SPSS software (version 13.0; IBM Corporation, Armonk, NY, 
USA). AT 3 - value of less than 5% was considered significant. 
The cutaneous pharmacokinetic parameters of psoralen 
were calculated using WinNonLin (version 5.2; Pharsight 



Corporation, Sunnyvale, CA, USA) and a noncompartmental 
analysis. 

Results and discussion 

Characterization of ethosomes 

The composition of ethosome formulations and the results 
of the experiments are presented in Table 1. The mean 
particle size of the ethosomes ranged from 56.71+1.02 nm 
to 159.07+25.97 nm, as shown in Table 1. Ethosomes were 
relatively uniform in size because dynamic light scattering 
measurements indicated a narrow peak in the particle size 
distribution. According to the uniform design, a regres- 
sion equation was drawn from the factors (X p Lipoid 
S 100 [w/v, %]; X 2 , ethanol [v/v, %]) and response (Y, mean 
particle size) asY = -5.53X, -3.14X 2 + 271.92 {R [regression 
coefficient] =0.83; S [standard error] =32.31, F=2.25) using 
a multiple linear regression analysis. We did not observe 
any significant effects ({F=2.25}<{F 0 05 [2,2]=19.00}) of the 
different levels of Lipoid S 100 or ethanol on ethosome size. 
Excess PC and ethanol in the ethosome formulation may affect 
the distribution of particle size. 26 In our study, the highest lev- 
els of Lipoid S 100 (10%, w/v) and ethanol (45%, v/v) in ES5 
were associated with the lowest particle size (56.7 1± 1 .02 nm). 
This is probably because a large amount of micelles were 
generated in ES5 with a small particle size distribution. 

A representative micrograph of round ethosome vesicles 
from formulation ES2 is shown in Figure 1A. The vehicle 
structure is more evident in Figure IB, showing two enlarged 
particles of psoralen ethosomes squeezed together. Because 
they were extruded together, the two ethosome particles 
were shaped like cocoons. Ethosomes with a small particle 
size and excellent deformability may easily penetrate the 
stratum corneum. 26 

Ethosome formulation studies 

The uniform design was analyzed in vitro according 
to the EE (Yj) and DSD (Y 2 ). Using a multiple linear 





B 




u) 






f 1 Mm 


100 nm 



Figure I Transmission electron microscopy of psoralen-loaded ethosomes: (A) 
I5,000x magnification; (B) I00,000x magnification. 
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regression analysis, the following regression equations 
were obtained: 

^=-9.9.98X^.98X2+145.06 

(£=0.78, S=27.61,F=1.54) (4) 

and 

y^-o.ioXj + o.osx^ + o.ss 

(£=0.23, S=1.90, F=0.05). (5) 

Both values of F were less than F 005 (2,2), with the value 
19.00 indicating that the regression equations were not statis- 
tically significant, and the arranged ethosome compositions 
had no significant effect on EE or DSD. An excessive use of 
ethanol or PC may prevent the formation of vesicles with the 
ability to encapsulate lipid-soluble molecules. 27 In the present 
study, formulation ES5 with the highest Lipoid S 100 and 
ethanol contents and the lowest ethosome size showed the low- 
est EE (18.30%+2.29%) and an unsatisfactory level of DSD 
(1 .98+0.90 ug/cm 2 ). This was probably caused by the formation 
of a large number of micelles instead of ethosome vesicles, and 
hence, most of the drug molecules failed to be encapsulated in 
the vehicle. Since the aim of the current study was to improve 
the DSD of psoralen, an intuitive analysis of the uniform design 
resulted in the selection of ES2 formulation containing Lipoid 
S 100 (5.0%, w/v) and ethanol (40%, v/v) for further studies. 
ES2 showed a satisfactory level of EE (85.62%±0.76%) and 
peak DSD of 3.61+1.21 ug/cm 2 at 24 hours. 

In vitro skin permeation studies 

Compared to tincture, ethosomes enhanced the transdermal 
delivery of psoralen (Figure 2) and significantly increased 



the transdermal flux (Figure 3). The cumulative amount of 
psoralen penetrated across rat skin from the tested ethosome 
formulations was higher than from the compared tincture 
in the whole experimental period. The lag time of drug from 
the ethosomes through the skin was obviously shorter than 
that from the tincture, as can be seen in Figure 2. When 
ethanol is loaded in phospholipids, it can combine with the 
polar groups of the PC molecules and then lower the melting 
point of lipids in the stratum corneum, thus increasing lipid 
fluidity and cell membrane penetrability. Ethanol can also 
increase the flexibility of phospholipid vesicles and improve 
the ability of vesicles to deform, thereby allowing ethosomes 
to squeeze through skin channels that are smaller than the 
vehicle. 28 Based on the generated data, the flexible lipid vesi- 
cles provided a superior enhancement of transdermal psoralen 
delivery to simply employing an ethanol solution as vehicle. 
The permeation rate of the optimal ethosome formulation 
(ES2) reached satisfactory levels (38.89+3.22 ug/cm 2 /h) 
and showed no significant difference (P>0.05) with that 
of ES5 (40.53+2.98 ug/cm 2 /h). Formulation ESI, with 
the lowest Lipoid S 100 and second-lowest ethanol levels, 
showed the lowest flux (15.12+1.83 ug/cm 2 /h). The flux 
shown by ESI was only slightly higher than that of the 
tincture (13.51+0.88 Ug/cm 2 /h), as shown in Figure 3. The 
high ethanol concentration (70%, v/v) of the tincture was 
associated with enhanced skin permeability. 

The ability of ethosomes to penetrate the skin is closely 
related to the proportion of excipients in the formulation. 29 
Ethosomes increase the mobility of skin lipids, allowing 
the drug to permeate deep into the skin and promoting 
cutaneous drug absorption. 30 The DSD of psoralen from the 



120 




9 12 15 

Time (h) 



Figure 2 In vitro rat skin permeation profiles of psoralen from ethosomes and a tincture (n-3). 
Abbreviations: ES, ethosomes; h, hours; TT, tincture. 
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Figure 3 In vitro ratios of psoralen permeated through excised rat skin from ethosomes (ES2) and a tincture. Js: *P<0.05 versus 
Abbreviations: ES, ethosomes; h, hours; Js, transdermal flux, TT, tincture. 
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hour time course of psoralen concentration after application of drug-containing ethosomes (ES2) and tincture to the abdominal skin of Sprague Dawley rats 
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Table 3 Pharmacokinetic parameters of psoralen loaded in 
ethosomes (ES2) or tincture after application to rat abdomen skin 
in vivo (n=5), as determined by microdialysis and HPLC 



Parameter 


Unit 


Ethosomes 


Tincture 




min 


I80.00±0.00 


2I0.00±0.00 


c max 


ug/mL 


688.76±25.33 


I77.04± 12.52* 




min/u.g/mL 


IS0,476.8S±8,788.62 


64, 180.51 ±1,909.86* 


MRT^ 


min 


283.00±I5.48 


288.01 ±20.37 



Note: Compared with the pharmacokinetic parameters from ethosomes, *P<0.05. 
Abbreviations: AUC, area under the concentration-time curve; C maj( , peak 
concentration; ES, ethosomes; HPLC, high-performance liquid chromatography; 
min, minute; MRT, mean residence time; T max , time to peak concentration. 



optimal ethosome formulation (ES2) was 6.56-fold higher 
(3.61+1.21 Lig/cm 2 ) than that from the tincture (Table 1). Of 
the ethosome formulations tested, only ES 1 showed a slightly 
lower DSD than that of the tincture (Table 1 ). Currently, pso- 
ralen is the most common drug applied as a tincture in clinical 
practice. However, both permeability and DSD of the tincture 
were unsatisfactory after topical application. Therefore, the 
optimized ethosomes identified in our study may be used as 
a superior transdermal delivery carrier for psoralen. 

In vivo skin microdialysis 

Psoralen absorption after topical application of ethosomes and 
tincture was investigated in vivo by using skin microdialysis. 
Moreover, the concentration of psoralen was measured at dif- 
ferent skin sites after topical application of ethosomes. There 
were no significant differences (P>0.05) in in vitro RR between 
the dialysis and retrodialysis methods, indicating that the ret- 
rodialysis method was suitable for in vivo RR studies (Table 2). 
The in vitro and in vivo RR of the probe were maintained 



at the approximate level of 40% throughout the study. In 
the in vitro and in vivo RR validation studies, which used 
STD as perfusates, there was a linear correlation between 
drug concentration in the perfusate and drug loss from the 
perfusate (Figure 4: in vitro: [C-CJ =0.341 C p - 0.085, 
r==0.999; in vivo: [C p -CJ =0.446 C p + 0.003, r==0.999). 
This correlation implies that in vitro and in vivo RR by 
retrodialysis are independent of the perfusate concentration, 
which indicates that it is possible to detect the true unbound 
extracellular level of psoralen by using the microdialysis 
technique. 

Psoralen concentrations in the abdominal skin after topi- 
cal application of ES2 or tincture are shown in Figure 5 and 
Table 3. During the initial 30 minutes, the drug concentration 
was not significantly different between the formulations. 
After 30 minutes, the higher drug concentration in the skin 
was obtained with the ethosome formulation, with the peak 
concentration (C ) observed 3 hours after application. The 

v max' 1 ' 

drug concentration at the site where ethosomes were applied 
first increased and then decreased. In contrast, the psoralen 
concentration after tincture application was relatively moderate 
from 2 hours to 6 hours after application, and the drug showed 
simple diffusion behavior during percutaneous absorption, 
which conformed to Fick's first law of diffusion. After tincture 
application, the drug in the dermal layer stabilized within a 
short period of time and remained relatively constant through- 
out the study. In contrast, drug molecules carried into the skin 
by ethosomes need to be released from the vehicles before 
being absorbed by the capillaries, which may result in fluctua- 
tions of the drug levels in the skin. During the study, compared 
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Figure 6 Ten-hour time course of psoralen concentration after ethosome application of drug-containing ethosomes (ES2) to the abdomen, scapularis, and chest regions of 
Sprague Dawley rats in vivo (n— 5). 
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Table 4 Pharmacokinetic parameters of psoralen loaded in ethosomes (ES2) after application to different regions of rat skin in vivo 
(n=5), as determined by microdialysis and HPLC 

Parameter Unit Abdomen Chest Scapular region 

T max min I80.00±I7.25 360.00±I4.26* 390.00±I6.83* 

C max ug/mL 688.76±25.33 339.6 1 ±2 1. 03* 204. 1 9± 1 8.43* 

AUC^ t min/ug/mL I S0,476.84±8, 788.62 90,295.68± 1 , 1 45.29* 64,027.SS±2,233.56* 

MRT^ t min 283.00115.48 299.64±I5.36 346.4I±I7.72* 
Note: Compared with the pharmacokinetic parameters from abdomen, *P<0.05. 

Abbreviations: AUC, area under the concentration-time curve; C m3x , peak concentration; min, minute; ES, ethosomes; HPLC, high-performance liquid chromatography; 
MRT, mean residence time; T max , time to peak concentration. 



to tincture application, ethosome application was associated 
with a higher psoralen concentration, and the topical area under 
the concentration-time curve (AUC 0 _ t ) of the ethosomes was 
2.34-fold higher than that of the tincture (Table 3). 

After penetration through the epidermis, intercellular 
transport may be an important channel for the transit and 
absorption of ethosomes. 31 Ethosomes may accumulate in the 
dermis after application to the skin surface. 25 32 Microdialysis 
probes were precisely implanted in the dermis to accurately 
measure drug molecules in the extracellular fluid of the 
dermal layer where the ethosomes accumulated. Unlike the 
ethosomes, psoralen molecules from the tincture passively 
diffused through the stratum corneum and permeated into the 
epidermis. Most of the free drug molecules were captured 
by the capillary network under the epidermis and rapidly 
transferred into the microcirculation, while a few psoralen 
molecules hardly permeated into the deep skin and were 
detected by the microdialysis method. 

As shown in Figure 5, psoralen concentrations in the skin 
after application of all formulations tended to be similar after 
9 hours. However, in the in vitro study, skin deposition of the 
drug from ES2 continued to be notably higher than that of the 
tincture for 24 hours. For conventional vehicles, percutaneous 
drug absorption is hindered mainly by the stratum corneum. 
However, the ability of ethosomes to deform helps overcome 
this barrier and accumulate in the dermis. The dermal layer is 
the major component of the skin. It is composed of collagen, 
elastin, reticulin, and amorphous matrix and contains a large 
number of capillaries, including lymphatic capillaries, skin 
appendages, such as hair follicles and sebaceous glands, and 
even muscles. Because the dermal layer of excised rat skin 
is no longer functional, ethosomes permeation behavior in 
the dermal layer in vitro may differ from that in vivo, par- 
ticularly in view of the fact that ethosomes permeate deep 
into the skin. 

The changes in psoralen concentrations after drug appli- 
cation at different skin sites are presented in Figure 6. The 
drug concentration in the chest and scapular region increased 



slowly but showed a pattern similar to that observed on 
application to the abdomen. Psoralen applied to the abdomen 
reached C at 3 hours, while that applied to the chest and 

max r r 

the scapular region reached C max at 6 hours and at 6.5 hours, 
respectively, after application (Table 4). The AUC 0 t in the 
abdomen was higher than those in the chest and scapular 
regions. The differences in permeability at these sites may 
result from the differences in skin structure, such as skin 
thickness or subcutaneous microvasculature. 33,34 

Conclusion 

Ethosomes provide a novel approach for transdermal delivery 
of psoralen. They are characterized by much better percutane- 
ous permeation than conventional vehicles. In vivo microdi- 
alysis is suitable for the evaluation of psoralen release from 
ethosomes into the deep skin, and the drug concentration 
gained from the ethosomes in dermis was obviously higher 
than that from the compared tincture during the experimental 
period. Enhanced permeation and skin deposition of psoralen 
delivered by ethosomes may help reduce toxicity and improve 
the efficacy of long-term psoralen treatment. 
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